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Objectives: to assess the effect of cryopreservation on the elasticity and compliance of arterial allografts.
Materials and methods: iliofemoral segments of arteries and veins harvested from multiorgan donors were divided into
two groups: fresh–control, tested for 24 hours after harvesting, and cryopreserved in liquid nitrogen after pretreatment
with 20% dimethylsulphoxide and stored for an average time of 22 days. Vessel wall elastic properties were evaluated
from the stress–strain relationship in a specially designed test cell fixed to the Instron Universal Testing Machine.
Results: the elastic modulus of the artery control group (1.54±0.33 MPa, n=20) was not significantly different from
the cryopreserved group (1.69±0.61 MPa, n=15). Similarly, values for unfrozen veins (3.11±0.65 MPa, n=47) were
not significantly different from those of frozen samples (2.71±0.85 MPa, n=38). Control compliance (6.86±1.79×10−5
%/Pa, for arteries; 3.84±0.81×10−5 %/Pa, for veins) was similar to that of the cryopreserved group (6.66±1.80×10−5
%/Pa, for arteries; 4.16±1.21×10−5 %/Pa, for veins).
Conclusions: cryopreservation maintains the important elastic properties of arterial and venous allografts during average
storage time of 22 days.
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Introduction The aim of this study was to assess the effect of
liquid nitrogen storage with the use of cryoprotectant
Recent improvements in organ harvesting techniques on the mechanical properties of human arteries and
veins.and cryopreservation have made possible arterial and
venous allograft banking and subsequent use of such
grafts as alternate vascular conduits. Thus, cryo-
preserved vessels are frequently considered as po-
tential alternatives to prosthetic materials in cases in Materials and Methods
which an autogenous vein is not available, and/or
inappropriate.1,2 Sample preparation and cryopreservation
Structural and functional changes occurring in ex-
perimental cryopreserved venous and arterial grafts Iliofemoral segments of arteries and veins were har-
vested from multiorgan donors with the appropriatehave mostly been studied in animal models. These
studies have addressed the problem of endothelial donor, family, and institutional consents. The pro-
curement protocol and vessel selection criteria wereintegrity,3 cellular viability,4,5 and antigenic char-
acteristics,6 while less attention has been given to the based on those recommended by the European Ho-
mograft Bank.1 In addition to the general medicaleffect of cryopreservation on the mechanical properties
of vessels. Compliance mismatch between vascular exclusion criteria applied to a potential donor, arteries
presenting macroscopic signs of atherosclerosis wereprostheses and its host vessel can be detrimental to
graft performance and can result in a loss of patency.7–11 discarded. Following a procurement, each vessel was
cut into lengths of approximately 1.5 cm that were
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RPMI-1640 tissue culture medium (Biomed, Lublin, tends to return the vessel wall to its original form after
deformation. Higher values of Ea are associated withPoland) containing 10% fetal calf serum and 20%
dimethylsulphoxide (cryoprotectant) (both Sigma, St. a greater vessel wall stiffness. C describes the fractional
change of vessel wall area caused by the appliedLouis, U.S.A.) closed in a double plastic bag, and left
for 60 min. Each bag contained six to eight vessel stretching force. Higher values of C reflect a greater
vessel wall distensibility.segments. Bags were then cryopreserved by cooling
at a rate of 1 K/min down to−80 °C using the IceCube Ea was calculated as the tangent or first derivative
of the stress–strain curve: Ea=/, where  is the1610 automatically controlled freezing device. The
grafts were stored in liquid nitrogen vapours for a tensile stress in the vessel wall equal to the force
causing elastic deformation divided by the cross-sec-minimum of 2 weeks and no longer than 4 weeks and
were mechanically tested at various times in between. tional area of the stretched segment, and  is the strain
expressed in this work as a relative increase of theThe weighted average storage duration was 22 days.
Prior to mechanical testing the segments were rapidly segment surface, =S/So. After deformation, the ves-
sel segment resembled a spherical cap and its surfacethawed by placement of the plastic bag in a 37 °C
water bath for 15 min and the cryoprotectant solution was calculated from the sample radius and a vertical
deflection caused by tensile stress. C, known also as awas removed by successive washouts with physio-
logical saline over 30 min. Testing was performed im- distensibility coefficient, was calculated as the relative
surface change of the vessel wall segment per unitmediately after the washout procedure.
tensile stress, and expressed as percent: C=(S/S0)/
×100.
The results are expressed as mean±SD. Statistical
Mechanical examination evaluation was performed by Student’s t-test for un-
paired observations. Differences were considered stat-
Mechanical properties were evaluated using a modi- istically significant when p was less than 0.05.
fied in vitro procedure.12 A segment of vessel was
longitudinally opened and vessel-wall thickness de-
termined by placing the sample between two micro-
Resultsscopic glass slides of known thickness and measuring
the resultant thickness with a micrometer. The segment
For the assessment of mechanical properties of freshwas then flat mounted in a specially designed test cell
and cryopreserved human allografts six arteries andbetween two surfaces with a circular opening which
14 veins were procured. With regard to the arteries, aallowed a 1-cm section to protrude. The test cell was
total of 20 fresh and 15 cryopreserved segments weremounted into the Instron 1140 Universal Testing
tested with regard to veins, 47 fresh and 38 cryo-Machine (Instron Corp., Canton, MA, U.S.A.) fitted
preserved segments were tested. Segments containingwith a 0.8-cm diameter plunger spherically shaped at
branches and/or valves were excluded from the mech-the end and fixed to the machine cross-head. The
anical testing because it was impossible to achieve asection of the vessel wall was then hemispherically
precise wall thickness measurement and because itstretched at a constant deformation rate (50 mm/min)
was difficult to mount the specimen into the test cell.by movement of the plunger driven vertically through
These two factors account for unequal distribution ofthe opening in the test cell. The stretching force was
fresh and cryoprotected samples in both groups.measured with a force transducer fixed to the cross-
Typical plots of wall stress versus strain in arteryhead and registered versus distance of the plunger
and vein segments are shown in Figure 1. Both vesselmovement by the built-in personal computer. The
segments displayed well-distinguished linear, elasticinstrument was pre-set for maximum distance at which
range in the stress–strain diagram, particularly at lowthe movement of the plunger stopped. Thus, the meas-
deformation range. The release of a load at this rangeurements were limited to the initial, elastic part of the
caused the vessel segment to return to its originalforce–distance curve.
dimensions. As one would expect, under conditions
of similar stress the artery wall was more distensible
than the vein despite their marked difference in thick-
ness (1.65±0.12 mm, n=35 for arteries; 0.84±0.09 mm,Calculations and statistical analysis
n=85 for veins).
The Ea of fresh arteries (1.54±0.33) was much lowerThe apparent modulus of elasticity (Ea), and the com-
pliance (C) were evaluated. Ea reflects elasticity, which than that of veins (3.11±0.65, p<0.001) (Table 1). This
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glycerol, chondroitin sulphate, or dimethyl-
sulphoxide-DMSO, the last being the usual cryo-
protectant of choice.14 Extensive research in animal
models has shown that, with appropriate freezing
procedures, vein cellular components responsible for
their elastic properties are well maintained after
cryopreservation.15 This includes smooth-muscle cell
morphology, contractility, and the structure of elastic
lamina. However, these findings have rarely been
confirmed by means of direct assessment of their
primary elastic properties. In a comparative study,12
mechanical properties of fresh and cryopreserved
canine jugular veins were measured in vitro. Com-
0.6
2.5
Strain
W
al
l s
tr
es
s 
(M
P
a)
0.5
1
1.5
2
0.1 0.2 0.3 0.4 0.50
pliance and elastic modulus were calculated from
Fig. 1. Example of the stress–strain relationship in an artery (–––) the volumetric responses to the pressure of the vein
and vein (–––) wall segments of thickness equal to 1.5 mm and
segment mounted in a special saline-filled cylinder.0.8 mm, respectively.
It was shown that DMSO-cryopreservation did not
affect the elastic modulus or compliance of the veins
significant difference in vessel wall stiffness between stored up to one week in −70 °C. Another study
the two groups also appeared in compliance numbers, assessed the effect of DMSO/glycerol cryoprotection
where arteries showed a larger dimensional change on the durability of human saphenous vein frozen
per unit change in a wall stress (6.86±1.79×10−5 vs. in liquid nitrogen, after pressurising the vein conduit
3.84±0.81×10−5, p<0.001). When cryopreserved grafts closed at one end with physiological saline.16 The
were compared to fresh grafts, there was no stat- pressure causing the vessel to burst was taken as a
istically significant difference between fresh and cryo- durability index. Results showed a beneficial effect
preserved arteries both in either Ea (p=0.37) or C of cryoprotection which increased the durability of
(p=0.80). Similarly, values for unfrozen veins were venous wall in comparison to an unprotected vessel.
insignificantly different from those of frozen samples The results of this study confirm these observations
in terms of Ea (p=0.10) or C (p=0.31). and demonstrate that both arterial and vein wall elastic
properties are well maintained in cryopreserved ves-
sels. However, storage time was short (mean 22 days)
compared to the reported storage duration of clinicallyDiscussion
utilised arterial cryopreserved grafts (>5 months).17
Studies should be extended to examine the effects ofThe use of very low temperatures for storage of
longer storage times, and compare histological as-human allografts can lead to significant damage to
sessments.cells and extracellular matrix, especially during the
Despite the different experimental approach andfreeze–thaw cycle.13 This can potentially alter graft
vessel origin, the apparent elastic modulus of unfrozenelastic properties which were positively correlated
human vein obtained in this study is of the same orderwith graft patency.7,8,10 In order to preserve the
of magnitude as that of L’Italien et al.12 for canine veinviability of all cellular components, various cryo-
preservation techniques have been employed utilising (E=1.63 MPa). The elastic properties of animal and
Table 1. The apparent elastic modulus and compliance of fresh and
cryopreserved human arteries and veins.
Fresh Cryopreserved p
Arteries n=20 n=15
Ea (MPa) 1.54±0.33 1.69±0.61 0.37
C (%/Pa×10−5) 6.86±1.79 6.66±1.80 0.80
Veins n=47 n=38
Ea (MPa) 3.11±0.65 2.71±0.85 0.10
C (%/Pa×10−5) 3.84±0.81 4.16±1.21 0.31
Data shown as mean±s.d.; p-values=comparisons between fresh and
cryopreserved vessel with unpaired Student’s t-test.
Eur J Vasc Endovasc Surg Vol 20, July 2000
F. Pukacki et al.24
3 Elmore JR, Gloviczki P, Brockbank KGM, Miller VM. Cryo-human vessels have also been examined by various
preservation affects endothelial and smooth muscle function in
in vivo techniques, including transducers applied dir- explanted fresh and cryopreserved canine autogenous saphenous
vein grafts. J Vasc Surg 1991; 13: 584–592.ectly to the graft,18 and pulsed ultrasound imaging.19,20
4 Brockbank KGM, Carpenter JF, Schwartz LB, Nardiello C,The results given in those studies differ substantially
Hagen P-O. Smooth muscle function in short- and long-termnot only from those obtained in this study, but also stored cryopreserved veins. Vasc Surg 1992; 26: 116–122.
5 Miller VM, Bergman RT, Gloviczki P, Brockbank KGM. Endo-from each other. There are a number of explanations
thelial and smooth muscle function of cryopreserved venousfor these inconsistencies, including the calculation of
allografts: Effect of immunosuppression and antiplatelet therapy.the elastic modulus and compliance on the basis of J Vasc Surg 1993; 18: 216–226.
6 Donovan TJ, Ruby ST, Brockbank KGM. Cryopreserved venousintra-arterial pressure instead of tensile wall stress
allografts pretreated with cyclosporine. Vasc Surg 1991; 25: 34–41.(related to each other by Laplace’s law), the method
7 Kidson IG, Abbott WM. Low compliance and arterial graftof blood-pressure measurement, and correct vessel- occlusion. Circulation 1978; 58 (Suppl. 1): I1–I4.
8 Walden R, L’Italien GJ, Megerman J, Abbott WM. Matcheddiameter readings. Nevertheless, the results of Baird
elastic properties and successful arterial grafting. Arch Surg 1980;et al.18 obtained with a cantilever transducer in vivo
115: 1166–1172.showed a compliance of canine femoral artery was 9 Hasson JE, Megerman J, Abbott WM. Increased compliance
near vascular anastomoses. J Vasc Surg 1985; 2: 419–423.twice that of autogenous vein. Similar data were found
10 Abbott WM, Megerman J, Hasson JE, L’Italien GL, Warnockin this study. Such a great difference in arterial and
DF. Effect of compliance mismatch on vascular graft patency. Jvenous wall compliance may be related to long-term Vasc Surg 1987; 5: 376–382.
11 Davies AH, Magee TR, Sheffield E, Baird RN, Horrocks M.failure of autologous vein grafts used for coronary
The aetiology of vein graft stenosis. Eur J Vasc Surg 1994; 8:and peripheral arterial bypass.21,22
389–394.In conclusion, this study demonstrates that cryo- 12 L’Italien GJ, Maloney RD, Abbott WM. The preservation of
the mechanical properties of venous allografts by freezing. J Surgpreservation maintains the important elastic properties
Res 1979; 27: 239–243.of human venous and arterial allografts. Neither the
13 Litvan GG. Mechanism of cryoinjury in biological systems.cryoprotected vein nor the artery wall differed in terms Cryobiology 1972; 9: 182–191.
14 Brockbank KGM. Effects of cryopreservation upon vein functionof elastic modulus or compliance from their unfrozen
in vivo. Cryobiology 1994; 31: 71–81.control groups following an average storage duration
15 Faggioli GL, Ricotta JJ. Cryopreserved vein homografts forof 22 days. Further research is required to determine arterial reconstruction. Eur J Vasc Surg 1994; 8: 661–669.
16 Rybak Z, Houszka M. The effect of cryoprotector on the dur-the effects of long-term storage.
ability of liquid nitrogen frozen venous wall. Polish Surg Rev
1994; 66: 917–922.
17 Castier Y, Leseche G, Palombi T, Petit M-D, Cerceau O. Early
experience with cryopreserved arterial allografts in below-knee
Acknowledgements revascularization for limb salvage. Am J Surg 1999; 177: 197–202.
18 Baird RN, Kidson IG, L’Italien GJ, Abbott WM. Dynamic
compliance of arterial grafts. Am J Physiol 1977; 233: H568–H578.This work was supported by the State Committee for Scientific
19 Bank AJ, Kaiser DR. Smooth muscle relaxation. Effect of arterialResearch (KBN) under grant No. 4 P05C 00611.
compliance, distensibility, elastic modulus, and pulse wave ve-
locity. Hypertension 1998; 32: 356–359.
20 Gamble G, Zorn J, Sanders G, MacMahon S, Sharpe N.
Estimation of arterial stiffness, compliance, and distensibility
References from M-mode ultrasound measurements of the common carotid
artery. Stroke 1994; 25: 11–16.
21 Cox JL, Chiasson DA, Gotlieb AI. Stranger in a strange land:1 Goffin YA, Grandmougin D, Wozniak G et al. Banking and
The pathogenesis of saphenous vein graft stenosis with emphasisdistribution of large cryopreserved arterial homografts in Brus-
on structural and functional differences between veins and ar-sels: assessment of 4 years of activity by the European Homograft
teries. Prog Cardiovasc Dis 1991; 34: 45–68.Bank (EHB) with reference to implantation results in re-
22 Davis MG, Hagen P-O. Structural and functional consequencesconstruction of infected arterial prostheses and mycotic an-
of bypass grafting with autologous vein. Cryobiology 1994; 31:eurysm. Vasc Surg 1998; 32: 19–32.
63–70.2 Zapalski S, Pukacki F, Gabriel M. Allogenic arterial grafts in
therapeutic management of patients with infected aortic grafts.
Polish Surg Rev 1998; 70: 488–493. Accepted 27 January 2000
Eur J Vasc Endovasc Surg Vol 20, July 2000
